Introduction

44
Homologous recombination is a molecular process in which nucleotide sequences are (Keeney et al. 1997 ). This process is proposed to be guided by the histone- 
Results
140
MRLR pipeline for MR event identification
141
MR transmits the recombined chromosomes from parents to child during gamete 142 (sperm and egg) cell formation. To identify MR breakpoints, MRLR compares the 143 gamete genome with the parental haplotypes (Fig. 1A) cannot be assigned to parents will be discarded in this process. In the end, MRLR 154 concatenates fragmented phased blocks of the child into one complete gamete 155 haplotype derived from the paternal or maternal origin ( Fig. 2A) . The second part of MRLR is to identify breakpoints of MR events in each parent. Here,
169
MRLR uses the layout of heterozygous SNVs in parental haplotype blocks to compare 170 their haplotype conformation with the reconstructed gamete genome (Fig. 1B and 2B ).
171
In a phased block of a parent, an MR event will be identified if adjacent parts of the gamete genome are assigned to two different haplotypes in the parent. Then, by a Table S1 ). Among uncaptured SNVs, the majority (92.1%) are either 209 with low sequencing quality or not reliably phased in at least one of the trio samples. to define a breakpoint region ( Fig. 3B and 3D) . The block size and supporting barcode 227 number also affect the sensitivities when more stringent criteria are applied (Fig. 3A   228 and 3C). This suggests that the parameters of MRLR for MR breakpoint detection Table S4 ). The missed 13 MR events from HGSVC 256 are located either on the boundary or outside of the haplotype blocks, which hinders the 257 reliable inference of MRs (Supplemental Table S5 Table S6 ). Then we compared the Fig. S3 ).
265
These results suggest MRLR has high sensitivity and resolution to identify MR Table S3 ). The identified MR (Fig. 4A) . To reveal a detailed distribution of MR breakpoints on 281 chromosomes, we zoomed in two breakpoint regions from NA24631 and NA19240 trio 282 samples (Fig. 4B) . These two events are closely located on chromosome 1 within a 0.5 recombination rate in randomly sampled genomic regions is < 2 cM/Mb (Fig. 5A) . This (Fig. 5B) . Then 334 we used MEME toolkit to detect cis-elements that are significantly enriched in Table S7 ).
342
This implies the importance of PRDM9 proteins in guiding the MR event initiation. MRLR can narrow down MR breakpoint length to a more precise scale (7kb vs 24kb).
385
We also discovered new MR events that were missed in Strand-seq results
386
(Supplemental Table S6 ). These results showed high performance of our method to 387 analyze meiotic recombination in human genomes. haplotype phasing pose challenges for lrWGS to identify these events correctly.
417
Incorporating multiple sequencing platforms may be a future direction to discover non-418 crossover related recombination events.
419
To summarize, our study presents a lrWGS based pipeline to achieve gamete haplotype analysis will also gain insights into human diseases in the personalized medicine era.
427
Methods
428
10x linked-read sequencing data retrieval and pre-processing
429
The six trio samples for linked-read sequencing analysis were obtained from two public 430 resources. Three trio datasets were from the Genome in a Bottle Consortium (GIAB). and X(4) -X(3) > 0.1, we assign inheritance relationship to the parent-child pair in X(4).
473
We also considered the situation that when X(4) and X(3) involve the same haplotype in 
478
We calculated the haplotype relationship score between the child and each parent 479 separately and then combined the haplotype relationship from the two parents together.
480
The combined haplotype relationship was categorized into four classes: 1) high 481 confidence when one haplotype is assigned to father and the other haplotype is assigned 482 to mother; 2) low confidence when only one haplotype can be assigned to a parent; 3) 483 no evidence when no haplotype can be assigned to a parent; 4) error when two phased. Then we will put the barcodes into the PM set {pm-2, pm-1, pi} and QM set {qm- We used breakpoint regions less than 1kb to identify enriched cis-elements. We 546 calculate the center of the breakpoint regions and extract a 500bp sequence around the 547 center. Then MEME software (v4.12) was used to identify cis-elements that are 548 enriched in the 1kb sequences. The cis-element window was set between 8bp and 16bp, 
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